Drug resistance occurs through a series of subtle changes that maintain substrate recognition but no longer permit inhibitor binding. In HIV-1 protease, mutations at I50 are associated with such subtle changes that confer differential resistance to specific inhibitors. Residue I50 is located at the protease flap tips, closing the active site upon ligand binding. Under selective drug pressure, I50V/L substitutions emerge in patients, compromising drug susceptibility and leading to treatment failure. The I50V substitution is often associated with amprenavir (APV) and darunavir (DRV) resistance, while the I50L substitution is observed in patients failing atazanavir (ATV) therapy. To explain how APV, DRV, and ATV susceptibility are influenced by mutations at residue 50 in HIV-1 protease, structural and binding thermodynamics studies were carried out on I50V/L-substituted protease variants in the compensatory mutation A71V background. Reduced affinity to both I50V/A71V and I50L/A71V double mutants is largely due to decreased binding entropy, which is compensated for by enhanced enthalpy for ATV binding to I50V variants and APV binding to I50L variants, leading to hypersusceptibility in these two cases. Analysis of the crystal structures showed that the substitutions at residue 50 affect how APV, DRV, and ATV bind the protease with altered van der Waals interactions and that the selection of I50V versus I50L is greatly influenced by the chemical moieties at the P1 position for APV/DRV and the P2 position for ATV. Thus, the varied inhibitor susceptibilities of I50V/L protease variants are largely a direct consequence of the interdependent changes in protease inhibitor interactions.
W
ith no cure available for the treatment of human immunodeficiency virus (HIV) infection at present, slowing down the progression of the infection to AIDS has been a major focus in anti-HIV therapy development. In this effort, the aspartyl protease of HIV-1 has been an important drug target. Presently, there are nine FDA-approved protease inhibitors (PIs), and some of these are an important part of highly active antiretroviral therapy (HAART) (1) . However, the selection of HIV-1 variants with inhibitor resistance mutations in the protease gene impairs the ability of PIs to effectively block protease activity (2) (3) (4) .
The HIV-1 protease is a homodimeric protein with 99 amino acid residues in each monomer. At least 10 nonhomologous and asymmetric substrate sites within the Gag and Gag-Pro-Pol polyproteins are cleaved by the HIV-1 protease to release viral enzymes and structural proteins essential for virion maturation (5) (6) (7) (8) . Drug resistance emerges under the selective pressure of inhibitor therapy when the protease mutates to no longer efficiently bind PIs but continue to cleave substrates. Many major primary drug resistance mutations observed in the clinic occur at the flap region of protease, which is critical in controlling ligand (substrate and inhibitor) access to the active site. In particular, the substitutions accumulating at the active-site residue position 50, located at the flap tip (Fig. 1B) , are commonly associated with resistance to amprenavir (APV), darunavir (DRV), and atazanavir (ATV), three potent FDA-approved PIs (Fig. 1A ) (8) (9) (10) .
The Ile-to-Val substitution at residue 50 (I50V) is the signature resistance mutation in patients failing APV and DRV therapy (11) (12) (13) (14) . On the other hand, mutation to Leu at this position (I50L) is observed in patients failing ATV therapy (15, 16) . However, patients with the I50L substitution in protease respond significantly better to PIs other than ATV, indicating that the I50L substitution renders the protease hypersusceptible to other PIs (16) . The substitutions at residue 50 are often observed together with a secondary A71V mutation that is outside the active site (Fig. 1B) . More than 60 and 50% of patient sequences in the HIV drug resistance database (17) with the I50L and I50V mutations, respectively, have the A71V comutation. The A71V substitution compensates for the loss of viral fitness resulting from primary drug resistance mutations (18) . Due to their high clinical significance, the I50L/ A71V and I50V/A71V double mutations have been studied for their effect on binding a few PIs, mostly by modeling and computation (19) . However, a detailed comparative thermodynamic and X-ray structural analysis on binding of the three clinically significant PIs to these two double mutants is missing.
In the present study, structural and biophysical methods were used to determine the impact of substitutions at residue 50 on APV, DRV, and ATV susceptibility. Binding thermodynamics and X-ray crystal structures were obtained for protease with I50V/L and A71V mutations. The in vitro binding affinities agree well with clinical observations in confirming that the I50V and I50L substitutions differentially affect protease susceptibility to APV, DRV, and ATV. Both double mutants display reduced binding entropy compared to wild-type (WT) protease, and the extent of enthalpic compensation of this reduction determines the changes in inhibitor susceptibility. The crystal structures of protease inhibitor complexes reveal that the I50(V,L) and A71V mutations cause significant changes in van der Waals (vdW) contacts between the inhibitor and protease and, hence, provide insights into the molecular basis for varied inhibitor susceptibility.
MATERIALS AND METHODS
Nomenclature. The following nomenclature is followed to refer to each inhibitor complex: inhibitor protease variant . For example, APV WT , APV I50V/A71V , and APV I50L/A71V refer to the WT, I50V, and I50L variants in complex with APV. Prime notation is used to distinguish the two monomers in the protease dimer according to the binding orientation of the ligand in the dimer active site. For example, residue 30 from the first monomer is referred to as D30 if it interacts with the N terminus of the ligand. The same residue from the second monomer is referred to as D30=.
Protease gene construction. The WT protease gene was generated as previously described (20) , with the Q7K substitution introduced to prevent autoproteolysis (21) . I50V/A71V and I50L/A71V variants were generated by introducing the appropriate mutations into the wild-type gene by site-directed mutagenesis using a Stratagene QuikChange site-directed mutagenesis kit (Agilent Technologies, La Jolla, CA). Mutagenesis was confirmed by DNA sequencing.
Protein expression and purification. Each variant was subcloned into the heat-inducible pXC35 expression vector (American Type Culture Collection [ATCC], Manassas, VA) and transformed into Escherichia coli TAP-106 cells. Protein overexpression, purification, and refolding were carried out as previously described (22) . Protein used for crystallographic studies was further purified with a Pharmacia Superdex 75 fast-performance liquid chromatography column (GE Healthcare, Chalfont St. Giles, United Kingdom) equilibrated with refolding buffer (50 mM sodium acetate, pH 5.5, 10% glycerol, 5% ethylene glycol, 5 mM dithiothreitol).
ITC.
Binding affinities and thermodynamic parameters of APV, DRV, and ATV binding to the WT, I50V/A71V, and I50L/A71V protease variants were determined by isothermal titration calorimetry (ITC) on a VP isothermal titration calorimeter (MicroCal, LLC, Northampton, MA). The buffer used for all protease and inhibitor solutions consisted of 10 mM sodium acetate (pH 5.0), 2% dimethyl sulfoxide, and 2 mM tris(2-carboxyethyl)phosphine. Binding affinities for all protease variants were obtained by competitive-displacement titration using acetyl-pepstatin as the weaker binder. A solution of 6 to 40 M protease was titrated with 200 to 400 M acetyl-pepstatin to saturation. The pepstatin was then displaced by titrating 200 to 330 M APV, DRV, or ATV. Heats of dilution were subtracted from the corresponding heats of reaction to obtain the heat resulting solely from the binding of the ligand to the enzyme. All experiments were carried out at 20°C. Data were processed and analyzed with the ITC data analysis module (Microcal) for Origin 7 data analysis and graphing software (OriginLab, Northampton, MA). Final results represent the average of at least two measurements.
Crystallization and structure determination. Protease solutions of WT, I50V/A71V, and I50L/A71V at concentrations between 1.0 and 2.0 mg ml Ϫ1 were equilibrated with a 3-to 5-fold molar excess of APV, DRV, and ATV for 1 h on ice. Crystals were grown over a reservoir solution consisting of 126 mM phosphate buffer (pH 6.2), 63 mM sodium citrate, and 18% to 40% ammonium sulfate by the hanging-drop vapor-diffusion method. X-ray diffraction data for I50V/A71V in complex with DRV were collected on BioCARS beamline 14-BMC at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL) at a wavelength tuned to 0.9 Å with a Quantum 315 charge-coupled-device (CCD) X-ray detector (Area Detector Systems Corporation, Poway, CA). Diffraction data for I50V/A71V in complex with APV and ATV were collected on BioCARS beamline 14-IDB at the Advanced Photon Source (Argonne National Laboratory) at a wavelength tuned to 1.03 Å with a MarCCD 165 X-ray detector (Rayonix, LLC, Evanston, IL). Data for all other complexes were collected in-house on an R-Axis IV imaging-plate system (Rigaku Corpo- ration, Tokyo, Japan) mounted on a rotating-anode X-ray source (Rigaku Corporation) at a wavelength of 1.54 Å. All data were collected under cryo-cooled conditions.
The data were indexed, integrated, and scaled using HKL/HKL-2000 software (HKL Research, Charlottesville, VA) (23) . Structure determination and refinement were carried out using the CCP4 program suite (24), as previously described (25) . The tensor (T), libration (L), and screw (S) parameter files used in TLS refinement of the I50V variant complexes were generated using the TLS Motion Determination server (26) . Model building was carried out, followed by real-space refinement, with either the O molecular graphics software (27) or the COOT molecular graphics software (28) . Structural comparisons were made by superimposing structures using the C ␣ atoms of the terminal regions (residues 1 to 9 and 86 to 99) from both monomers. Structures were visualized using PyMol molecular graphics software (29) . Crystallographic and refinement statistics are given in Table 1 . The DRV I50V , ATV I50V/A71V , and ATV I50L/A71V protease complexes crystallized with two protease dimers in the asymmetric unit. The APV I50V/A71V protease had a second inhibitor molecule bound outside the active site of one of the dimers and is likely a crystallographic artifact.
Distance-difference matrices were generated for each WT-inhibitor and mutant-inhibitor protease structure pair to reveal structural differences between the WT-inhibitor and mutant-inhibitor complexes, as previously described (25) . Briefly, distances between all C ␣ atoms within the dimer were calculated for each complex. A distance-difference matrix was then computed for each atom for a given pair of complexes. The average deviation for each C ␣ atomic distance was calculated from the distancedifference matrix (average of the absolute values for each row or column), and the backbone structure was colored for increasing average deviation from blue to red using PyMol (29) .
The inhibitor-protease vdW contacts were estimated for each of the nine complexes, DRV WT , DRV I50V/A71V , DRV I50L/A71V , APV WT , APV I50V/A71V , APV I50L/A71V , ATV WT , ATV I50V/A71V , and ATV I50L/A71V , using a simplified Lennard-Jones potential as previously described (30) . The values for the WT were subtracted from those for the corresponding mutant-inhibitor complexes, and the differences were plotted as bar graphs.
RESULTS

Binding thermodynamics.
Inhibitor binding thermodynamics of double mutant I50V/A71V and I50L/A71V proteases were compared to those of WT protease by ITC (Table 2 ). In agreement with clinical observations and previous reports (31), the I50V variant had 2.2-fold and 16.7-fold weaker affinities for APV and DRV, respectively, than WT protease. Interestingly, we found that this variant had a 7.7-fold enhanced binding affinity for ATV (K d ϭ 0.03 nM versus 0.23 nM for WT). This is in contrast to the reduced affinity reported for the mutant with the I50V single mutation (32) . Thus, the I50V/A71Vdouble mutation causes a reduced affinity for APV and DRV, while rendering the protease more susceptible to ATV.
I50L is a signature mutation for ATV resistance, and as expected, the I50L/A71V variant exhibited a 2.8-fold weaker affinity for ATV. It is well established that the I50L mutation is associated with hypersusceptibility to PIs other than ATV (31), but its effect on the binding of the newest and most potent PI, DRV, is less known. We found that I50L/A71V variant had a 4.0-fold decreased affinity to DRV. Despite this weakening in affinity, the highly potent DRV nonetheless bound 40.6-fold more strongly (K d ϭ 0.016 nM) to the I50L/A71V variant than ATV (K d ϭ 0.65 nM). In contrast to the cases of ATV and DRV, APV had a 2.8-fold a R merge ϭ ⌺|I Ϫ ͗I͘|/⌺I ϫ 100, where I is the intensity of a reflection and ͗I͘ is the average intensity; I/ I is signal-to-noise ratio, R work ϭ ⌺|F o -F c |/⌺|F o | ϫ 100, where F o is observed electron density and F c is calculated electron density; R free was calculated from 5% of reflections, chosen randomly, which were omitted from the refinement process; RMSD, root mean square deviation. b Adapted from King et al. (9) .
higher affinity to the I50L/A71V variant than the WT protease, indicating that I50L/A71V mutations render protease more susceptible to APV, as previously described for seven PIs, including APV (33) .
In addition to the binding affinities, the enthalpic and entropic contributions to the free energy (⌬G) of inhibitor binding were compared between the double mutant and WT proteases (Fig. 2) . The drug resistance mutations I50 (V,L)/A71V resulted in compensatory changes in the enthalpy (⌬H) and entropy of binding (Ϫ⌻⌬S) with respect to those for the WT protease, with enhanced enthalpy but a decreased entropy of binding being observed. The compensation was the largest for ATV binding, with significantly reduced entropy (Ϫ6.6 kcal/mol for the I50V/A71V variant and Ϫ8.7 kcal/mol for the I50L/A71V variant compared to Ϫ11.8 kcal/ mol for the WT protease) largely compensated for by an increase in the binding enthalpy. This entropy-enthalpy compensation was observed for all complexes except DRV I50V/A71V . Binding of DRV to all protease variants is largely enthalpy driven, as previously described (34) . Similar to the other complexes, I50V/A71V mutations rendered the entropy of DRV binding unfavorable (by 1.5 kcal/mol); however, this entropic loss was not compensated for by an enhanced enthalpy, leading to the largest fold decrease in binding affinity among all complexes examined here. Nevertheless, the highly potent DRV still binds with a higher affinity to the I50V/ A71V variant than the other two PIs.
Crystal structures. Six new crystal structures of the I50(V,L)/ A71V protease variants in complex with DRV, APV, and ATV were determined and compared with those of the previously determined respective WT protease-inhibitor complexes (Protein Data Bank [PDB] accession numbers 3EKV, 1T3R, and 3EKY). The crystallographic statistics are in Table 1 . All structures have resolutions of 2.2 Å or better, enabling a detailed analysis of the changes induced by the mutations.
The crystal structures of all six mutant complexes are displayed in Fig. 3 , where the protease backbone is colored from blue to red to indicate an increase in the average deviation compared with that for the corresponding WT structure. These deviations were computed from distance-difference matrices of C ␣ atoms, to reveal global changes in the overall structure without any superposition bias (see Materials and Methods).
In general, the deviations from the WT structure were more asymmetric and widespread in the I50V/A71V complex structures than in the I50L/A71V complex structures, notably, in the betasheet region, including the G68 to G71 loop, where the A71V mutation is located, and the elbow of the flap in the same monomer. Other notable changes for both variants were in the flap region (G40 to R57), where the I50V mutation is located. The rearrangement of flaps was minimal for ATV I50V/A71V but the most pronounced for ATV I50L/A71V , in accordance with the preferential resistance of the I50L/A71V variant to ATV. The complex that displayed the most widely spread backbone shifts upon the mutations was DRV I50V/A71V , which also displayed the highest fold change loss in affinity with respect to that for the WT protease.
The possible effect of mutations at residues 50 and 71 on the hydrogen bonds between the inhibitors and protease variants was investigated for the crystal structures. Considering that the estimated error in atomic positioning is 0.10 Å to 0.15 Å in structures with 1.5-to 1.8-Å resolutions (35) , there were no significant changes in the hydrogen bonding pattern in the mutant complexes. All the structurally important hydrogen bonds in the 
FIG 2 Changes in inhibitor binding thermodynamics of double mutant pro-
tease variants I50V/A71V and I50L/A71V with respect to WT. ⌬⌬G, ⌬⌬H, and ⌬(Ϫ⌻⌬S) are differences in the free energy, enthalpy, and entropy of binding compared to those for WT protease binding to the same inhibitor, respectively. (⌬⌬G ϭ ⌬G for the mutant Ϫ ⌬G for the WT; ⌬G, ⌬H, and ϪT⌬S for mutant and WT proteases are presented in Table 2 ).
APV WT structure were conserved in the APV I50V/A71V mutant, similarly to the single APV I50V mutant (35) . In the APV I50L/A71V structure, one hydrogen bond between the protease D29 N and O6 of APV was lost, while two new hydrogen bonds formed between N3 of APV and D30 OD2 and with O1 of APV and a water molecule. The hydrogen bond interactions of DRV with the protease in the WT, I50V/A71V, and I50L/A71V complexes were almost identical, with the exception of a direct interaction with the Asp30= side chain in the mutant complexes instead of the water mediated in the DRV WT structure. No differences in hydrogen bonding between the inhibitor and protease were found for the ATV complexes. Thus, contrary to modeling and simulation predictions with I50V/A71V-DRV complex (19) , the varied inhibitor susceptibilities were not due to any changes in protease-inhibitor hydrogen bonding. Next, the distributions of vdW interactions between the protease and inhibitors were analyzed for each complex (Fig. 4 and 5 ). Positive and negative values in Fig. 5 indicate loss and enhancement, respectively, of favorable inhibitor packing in the I50(V,L)/ A71V complex compared to that in the WT. In the WT protease, the I50 side chain interacted with the sulfonyl moiety at the P1= position in the APV and DRV complexes but packed against the t-butyl group at the P2= position in the ATV complex (Fig. 4A, D , and G). While DRV and APV share the same (hydroxyethylamine)sulfonamide core, the ATV structure is very different and contains an aza-hydroxyethylamine core (Fig. 1A) . These differences in the chemical moieties between APV/DRV and ATV resulted in different subsite (P1= versus P2=) packing interactions with protease. Accordingly, APV and DRV lost favorable packing interactions in the mutant with the I50V mutation ( Fig. 4B and E) , unlike ATV (Fig. 4H) . This is reflected in the high positive (unfavorable) change at residue 50 in the vdW interaction potentials of APV and DRV for the I50V variant (blue bars in Fig. 5A and B) . In contrast, ATV lost a similar degree of favorable packing with residue 50 in both double mutants, which was compensated for by more favorable packing with residue 50= of the other monomer in the case of I50V/A71V (Fig. 5C ). The DRV I50V/A71V structure displayed repacking around the bound inhibitor relative to the struc- ture in the WT complex, such that the loss of vdW energy for one monomer was compensated for by the gain of vdW contacts by the second monomer (Fig. 5B) . This asymmetric inhibitor repacking was accompanied by an overall asymmetric rearrangement of protease structure (Fig. 3B) . Curiously, ATV I50(V,L)/A71V structures exhibited minimal changes in the vdW contact potentials (ϽϮ0.5 kcal/mol) compared to that in the ATV WT structure (Fig. 5C) . Although residue 50 lost favorable packing in both variant structures, this loss was compensated for by enhanced packing around residue 50= of the other monomer in ATV I50V/A71V but not in ATV I50L/A71V .
For the I50V/A71V variant, the loss of vdW interactions of residue 50 with the three inhibitors (APV, 0.9 kcal/mol; DRV, 0.9 kcal/mol; ATV, 0.5 kcal/mol) (Fig. 5A to C) correlated with the weaker binding affinities of DRV and APV ( Table 2 ). The minimal disturbance around the active site (Fig. 2C) and enhanced packing around residue 50= (Fig. 5C ) correlated with tighter binding of ATV to I50V/A71V, contributing to hypersusceptibility. On the other hand, ATV had reduced vdW interactions with both residues 50 and 50= in I50L/A71V (Fig. 4I and 5C ), in agreement with the reduced affinity of binding of this variant to ATV. The change in the vdW interactions of residue 50 for the I50L/A71V variant with APV and DRV was negligible (Fig. 5A and B) . Hence, the packing interactions of residue 50 were not significantly altered in APV-and DRV-I50L/A71V variant complexes, but there was a rearrangement of vdW packing around these inhibitors.
Overall, changes in the vdW interactions with the inhibitors are in agreement with, although they do not completely explain, the differential inhibitor susceptibilities of the two double mutants. Specifically, the changes in packing at residue 50 with Val or Leu substitutions correlated with differential susceptibilities to the DRV, APV, and ATV inhibitors.
DISCUSSION
The flaps are the most dynamic region in the unliganded form of HIV-1 protease and control access of substrates and inhibitors to the active site. Upon ligand binding, residue 50 of one monomer contacts I54 of the other monomer, stabilizing the bound conformation. Mutations at residue 50 at the flap tips of HIV-1 protease can severely impact inhibitor susceptibility and viral fitness by altering interactions with ligands and/or flap dynamics. We have investigated the impact of I50V and I50L mutations on binding to three PIs in the context of A71V comutation. The compensatory mutation A71V partially recovers viral fitness (18) , possibly by reversing the negative impact of these primary mutations on ligand binding and dynamics. The effect of the A71V mutation propagates asymmetrically through the ␤-sheet region in one of the monomers, especially in the I50V/A71V double mutant complex structures (Fig. 3 ). This structural readjustment may be responsible for the contrasting inhibitor binding behavior of the I50V/A71V double mutant studied here and the I50V single mutant (32) . The double mutant I50V/A71V protease exhibits a reduced affinity to both APV and DRV, which have closely related chemi- cal structures (Table 1 and Fig. 1A ). This reduced affinity is in agreement with the accumulation of the I50V/A71V mutations in patients who fail APV and DRV therapy. Conversely, we found that this variant is more susceptible to ATV. While there have been reports of increased or no change in susceptibility to ATV in patients whose isolates carry the I50V mutation in the protease gene (15, 31, 36, 37) , the idea of hypersusceptibility of the I50V/A71V variant to ATV has not been established. In one instance, the hypersusceptibility was observed in the presence of Gag cleavage site mutations (37) . Our binding thermodynamics data, in combination with clinical observations, suggest that the I50V substitution has the potential to make the protease more susceptible to ATV. However, secondary mutations or cleavage site mutations might be required in order to enhance the binding of ATV to I50V protease in vivo.
The other double mutation, I50L/A71V, is more extensively studied and known to cause ATV resistance and hypersusceptibility to APV (33, 38) . On the other hand, binding of DRV to the I50L/A71V variant has been addressed only by Molecular Dynamics simulation studies, starting from the complex crystal structure determined here, and by computational binding free energy estimations (19) . We have experimentally established the impact of this double mutation on binding to DRV. In contrast to computational estimations, not hypersusceptibility but a 4-fold loss of affinity was observed for DRV binding to the I50L/A71V variant. The thermodynamics data indicate that the loss in binding enthalpy relative to that for the WT is not compensated for by the entropy gain, unlike in the case of APV, resulting in a net effect of loss in binding free energy (Table 2) .
Both double mutant proteases displayed an unfavorable change in inhibitor binding entropy relative to that of the WT protease for all three inhibitors (Fig. 2) . The entropic effects in the double mutants indicate changes in protease flexibility and/or solvation. More flexibility in the unliganded form or rigidity in the inhibitor-bound form of the protease would cause unfavorable binding entropy relative to that for the WT enzyme. The contrasting entropic changes between the I50V single mutant (32) and the I50V/A71V variant indicate that the A71V mutation is responsible for altered protein flexibility, causing unfavorable effects on binding entropy. While entropic changes are the main driving force behind drug resistance, overcompensation by a favorable enthalpy gain leads to hypersusceptibility in the cases of the ATV I50V/A71V and APV I50L/A71V variants. We found that the favorable changes in enthalpy are not due to hydrogen bonding but rather are due to enhanced packing around the inhibitor.
Despite not being the only determinant, packing around the residue 50 mutation site correlates with the altered affinity of inhibitors. With the I50V substitution, as a result of the loss of a methyl group, vdW interactions with the sulfonyl moiety in APV/ DRV are weakened compared to those in the WT complexes (Fig.  4 and 5) . On the other hand, the valine substitution did not cause such a loss of packing around the bulky t-butyl group of ATV at the P2= position. Thus, V50 can pack well against the t-butyl group of ATV and allow the inhibitor to bind with minimal structural perturbations, in agreement with the hypersusceptibility of this double mutant to ATV.
Conversely, in the I50L/A71V complex, the bulky P2= moiety of ATV is unfavorable, as it potentially results in steric clashes with the longer L50 side chain. Therefore, to accommodate the inhibitor, residue L50 is slightly shifted relative to I50 in the WT complex ( Fig. 4G and I ). This shift causes both a loss of favorable vdW contacts with the inhibitor and an overall rearrangement of the whole flap region (Fig. 3) . These crystal structures confirm similar predictions by modeling studies on ATV with I50L/A71V protease (33) . Conversely, with the I50L substitution, the additional methyl group in Leu allows residue 50 to maintain its interactions with the smaller sulfonyl group at P2, in agreement with the increased affinity observed for APV and DRV.
The importance of P1/P1= and P2/P2= moieties in targeting multidrug-resistant protease variants has recently become evident (39) (40) (41) . Considering the effect of both longer and shorter side chain substitutions at residue 50 in the two double mutants analyzed here (I50V,L), we propose that these moieties in PIs should optimally accommodate S1/S1= and S2/S2= sites in the protease, consistent with the substrate envelope hypothesis (30, 42) . Binding of such PIs would not be substantially affected by substitutions at these sites due to either loss of favorable packing interactions or potential steric clashes causing major rearrangement of the protease to accommodate the PI.
In conclusion, the thermodynamics of binding and high-resolution crystal structures presented here largely explain the differential susceptibility to PIs of two double mutants with V and L substitutions at residue 50 and set the stage for further investigations to fully decipher the molecular basis of drug resistance. Our results demonstrate that relatively subtle packing rearrangements around the inhibitors and the flap region correlate with the distinct pattern of resistance mutations observed in the clinic in response to APV, DRV, and ATV treatment. Other possible effects on inhibitor binding affinities, such as solvation and an altered conformational flexibility of the protease/inhibitor, which cannot be inferred from static structural analysis alone, will shed further light into molecular mechanisms of PI resistance and hypersusceptibility.
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